We have numerically modeled the transport and survival processes of Japanese sardine eggs and larvae Sardinops melanostictus in the Kuroshio-Oyashio region to investigate the dependence of yearly recruitment of the sardine on the mortality rate during the early life stages. The model covers from 130ßE to 160ßE and simulates the Kuroshio Current and wind-induced current resulting from the win ter monsoon in a simple way. As a biological process, natural mortality of the eggs and larvae is parameterized by area and year, considering the oceanographic condition such as the extent of southward intrusion of the Oyashio. The year-to-year variations in the amount of survivors simulated by the model are compared to that of one-year sardine stock based on the field data. The variation in the abundance of one-year old sardine is well correlated to that of the surviving juveniles off the east but not the south of Japan, both of which are calculated by the model. This indicates that the survival condition after the postlarval period off the east coast of Japan, which is strongly affected by the Oyashio, could play an important role in determining the year class strength. A strong year class can be formed by the numerous juveniles transported to the east and/or by the good survival condition in the eastern offshore region of Japan.
The catch of Japanese sardine Sardinops melanostictus in 1994 was about one million tons and comprised 15% of the total catch around Japan. It is used as food for many kinds of cultured fish such as yellow-tail Seriola quinquer adiata, in addition to being used for human consumption. Moreover, sardine is considered to be an important species to the ocean ecosystem around Japan because of its large biomass. On the other hand, it is also well known that sardine's stock exhibits a very wide variation over a period of several decades. The catch of sardine around Japan has exponentially increased since 1973 and was at a high level of more than four million tons in the early 1980s. However, since 1989 it has started to decline. Large varia tions in the stock are consistent with information from a 16th century document.1) The mechanism of these changes have not yet been clarified. However, their study still has a limitation. Recent stu dies have revealed that the larval survival of Japanese sardine within one month after spawning off the southern coast of Japan did not always correlate with the sardine's year class strength.10) In addition, Sugisaki11) reported that many postlarvae and juveniles of sardine were caught in the far east offshore of the Japanese Pacific coast. These studies indicate that the larvae transported far east offshore are still alive and may be able to recruit. If larvae and juveniles were abundant in the east offshore of Japan, the Oyashio could affect the survival of sardine larvae be cause the Oyashio Current is richer with nutrients com pared to the Kuroshio water. Kodama et al. 12) suggested that the population of one-year old sardine was correlated with the Oyashio southward intrusion. The experimental period of Kasai et al.9) was only 20 days after spawning and their model area only extended to 145ßE, which were too short and too small respectively, to simulate the recruit ment of sardine. Their model could simulate the abun dance of larvae off the southern coast of Japan, but not the year class strength.
In this study, therefore, a numerical model is developed, which covers the area extending from the Kuroshio to the Oyashio and the Kuroshio-Oyashio Transition areas. The model simulates the number of sardine survivors each year during 1978-1988, which is then compared to that of one year old sardine previously estimated from the catch off the east coast of Hokkaido.
This study aims to look at the contribution of the survivors in the Kuroshio-Oyashio Transition area to the recruitment in comparison with that off the southern coast of Japan. The implication of the egg and larval transport for the determination of the year class strength is also discussed. The main spawning period of the Japanese sardine is from December to March. During this period, strong westerly or northwesterly monsoons prevail, which possibly causes offshore transport of the eggs and larvae.9,15) The offshore velocity of wind-induced current is calculated by substituting the monthly averaged wind velocity at meteorological stations along the Pacific coast for the wind term of the bulk formula. The wind velocity data (ob served at 850 mb at 9 h and 21 h) obtained from Kagoshima, Shionomisaki, and Tateno are used as wind conditions from 130ßE to 135°E, from 135ßE to 140ßE and from 140ßE to 160ßE, respectively. The current veloc ity in the model is then given by the vector sum of the geos trophic Kuroshio Current and Ekman drift components. In this study, eggs and larvae of the Japanese sardine are treated as passive and conservative drifters; they are dis tributed near the surface, depths shallower than 100 m.16) Hence, the advection-diffusion equation of the eggs and larvae is expressed by: the relationship between the southern limit of the Oyashio and the ratio of the abundance of one-year old sardine to that of the egg. This suggests that more sardine larvae could survive when the Oyashio extended more southward and spread more widely. In Case 2, therefore, the mortali ty rate is reduced in proportion to the Oyashio southward intrusion.
Model
The mortality of larvae might not remain con stant during the northward migration; larvae could ex perience higher mortality during the metamorphose stage.21) This means that the southward intrusion of the Oyashio may not always affect the larval mortality linearly as in Case 2. In addition, the Kuroshio front and the sec ondary Kuroshio front usually exist around 36ßN and 38ßN, respectively. 22) Larvae must experience large temper ature changes when they cross the fronts during northward migration. It could cause the great difference in mortality. Hence, as a trial, a step function as seen in Fig. 2(b) 
Results
The numbers of survivors one month after spawning in the total experimental area are calculated by the numerical model and presented in Fig. 3 , together with the numbers of postlarvae less than 10 mm in total length collected at sea by the Japan Fisheries Agency. It is clear that the year to-year variation in the larval abundance calculated by the model correlates well with that in postlarval abundance (r=0.97, p <0.0001). This indicates that the number of sur vivors during the first month is decided by the egg abun dance and transport. The result coincides with those by Watanabe et al.10) and Kasai et al.9) However, the number of survivors does not correlate with that of one-year old sardine (r=0.16). This implies that the factors affecting survival after the postlarval period are more important in determining the year class strength.10) Only the effects of wind-induced current or the spawning position, which were regarded as important for the larval survival in the previous study,9) would be insufficient for determining the year class strength of sardine. Figure 4 shows the numbers of surviving juveniles 90 days after spawning for each case. The correlation coefficients remain low between the year-to-year variations calculated by the model for all the total experimental area (Figs 4a-c) and those estimated from the field data on the amount of one-year old sardines (Table 2) . However, the amount of surviving juveniles off the east coast of Japan (Figs 4d-f) show relatively high correlations with that of one-year old sardine (Table 2 ). This indicates that the sur- Fig. 3 . Year-to-year variation in the abundance of (a) sardine larvae at 30 days after spawning calculated by the model, and (b) postlarvae up to 10 mm in total length estimated by the field data. vival in the Kuroshio-Oyashio Transition area plays an im portant role in the recruitment. In addition, higher correla tion coefficients are obtained when the mortality is set to be changed by the Oyashio intrusion. Feeding conditions during postlarval and juvenile stages, which could be nota bly affected by the Oyashio,12) are considered to play an im portant role in determining the year class strength.
The year-to-year variation in the number of juveniles transported to the east of the Japanese Islands is shown in Fig. 5c . Comparing the number of juveniles off the east coast of Japan (Fig. 5c) with the egg or larval abundance in the south of Japan in each year (Figs 3a, 3b, and 5a) , contribution of the larvae transported to the east (Fig. 5c ) to all surviving juveniles (Fig. 5d) increased after 1985 ; a large number of larvae are transported to the east in 1985, 1986, and 1988 in the model. One of the reasons for this in crease in the transport was the offshore shift of the spawn ing area.20) In 1988, however, the abundance of survivors off the east coast of Japan at 90 d decreased in conjunction with the northward retreat of the Oyashio (Fig. 5b, 5c , and 5d). In 1983, on the other hand, many sardine survived un til 90 d despite the smaller number of larvae transported to the east than the other years. In this model, good recruit ment was supported by the good survival conditions off the east coast of Japan in some years and by the abun dance of the larvae transported eastward in other years. The year class strength would be determined by the sur vival conditions in the Kuroshio-Oyashio Transition area and/or the abundance of transported larvae to the area.
Discussion
The number of surviving juveniles off the east coast of Japan at 90 d is at the similar level to the southern coast by the model calculation (compare Fig. 4c with 4f ). This indi cates that a large number of larvae are transported to the east. It is therefore reasonable that many juveniles are caught in the far eastern area of the Japanese Islands as shown in Sugisaki's observation.11) The ratio will not change even if the calculation is continued after 90d in this model, because the majority of the larvae in the Kuroshio area are already transported to the Kuroshio Ex tension area at 90 d. zooplankton biomass off the east coast of Sanriku area in summer negatively correlates with the sea surface tempera ture. This indicates that the Oyashio southward intrusion possibly affects the food condition for sardine larvae and juveniles. In addition, Tomosada25) reported that the sardine catch off the east coast of Japan increased when the water temperature was relatively low. Recruitment failure in 1988 has been considered to initiate the decline of sardine stock in 1990s. Our model results show that numerous larvae were transported to the east of Japan but could not survive in the Kuroshio-Oyashio Transition area in 1988 due to the Oyashio northward retreat. The large variability of the sardine stock could depend on the sur vival of larvae and juveniles in the Kuroshio-Oyashio Tran- sition area. In addition, it is worth notice that a higher cor relation obtained from Case 3 than from the other cases. The mortality indicated by the step function means that the survival rate changes remarkably if the Oyashio in trudes some latitude (36ßN and 38ßN) . Furthermore, there would be both critical and non-critical areas for survival of sardine on the way to the east coast of Hokkaido from the Kuroshio Extension area. The actual mortality or sur vival rates in the Kuroshio-Oyashio transition region have not been measured. It is essential to detect the rates in the open ocean and detailed observation is needed. The recruitment of sardine calculated by the model is also low in 1980 and does not correspond to the amount of one-year old sardine based on the field data (compare Fig.  5d with 5e ). This suggests that the relation between water temperature and mortality in the Kuroshio-Oyashio Transi tion area should be considered in more detail. Here we analyze some existing data observed in 1980 by Iwate Prefectural Fishery Station, by way of an example to see the relation. Figure 6 shows the year-to-year variations in average temperatures at depths less than 100 m in summer. Temperature at Stn. 6 was low in 1980, in comparison with those at the other stations. Since the cold water from the north decreased the temperature, the food condition at Stn. 6 would be better than those at the others. Not only the area off Iwate, but also other offshore areas in the Kuroshio-Oyashio Transition area might have a good feed ing condition for larvae in 1980 corresponding to smaller scale variations in the Oyashio intrusion as seen around Stn. 6, and this possibly led to a high survival rate. More detailed studies on the distributions of sardine larvae and juveniles, their prey, and predators interacting with meso or small-scale physical features, especially off the east coast of Japan, are necessary to understand the survival process of sardine larvae.
In this study, the mortality rate was not assumed to vary by year off the southern coast of Japan, because the pre cise values are not yet known. The mortality rate may change with time and space. Nakata et al.26) reported that the meandering of the Kuroshio possibly depresses the production of food organisms for the larvae. However, a 
